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Abstract. The object of this paper is the study of the noise produced by 
inverter-fed three-phase induction motors with squirrel-cage rotor. A wireless 
sensor network based measurement system is proposed, which gives the 
possibility of measuring the sound pressure virtually simultaneously in 
multiple points around the motor. In the case of inverter fed motors, the 
phenomena that lead to the production of the magnetic noise become more 

complex and the motor becomes noisier because of the increased possibility of 
matching the exciting frequencies with stator natural frequencies. In order to 
evaluate the influence of the switching frequency of the PWM inverter on the 
overall motor noise, the noise-frequency level diagrams (spectrograms) have 
been traced for a two speed motor of 1.5/2.4 kW, 750/1500 rpm, with 36 
stator slots and 46 rotor slots. 
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1   Introduction 

One of the main sources of noise in a rotating electrical machine is the vibrations 

excited by electromagnetic forces acting in the motor air-gap. The use of inverters 
for controlling the speed of induction motors leads to an increase in the harmonic 

content of the supply voltage. As a consequence, the harmonic content of the air-gap 

flux increases, thus creating a larger number of magnetic force waves. If the natural 

frequencies of the motor structure match the frequencies of the magnetic forces, the 

resonance phenomenon appears which contributes greatly to an increase of the 

overall noise level of the motor [1, 2].  
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2   Contribution to Sustainability 

In our days, inverter fed induction motors are frequently used in the residential field. 

As contribution to the sustainable development, design techniques are required to 

assure a reduced noise pollution level.  

The object of this paper is the study of the noise produced by inverter-fed three-

phase induction motors with squirrel-cage rotor. A wireless sensor network system 

is proposed for measuring the sound pressure virtually simultaneously in multiple 

points around the motor. The measuring system can be implemented by using low-

cost, low power sensors such as miniaturized condenser microphones. 
A solution for implementing a system containing a large number of sensors 

requires the development of a wireless sensor network (WSN) [3]. The flexibility, 

fault tolerance, high sensing fidelity, low-cost and rapid deployment characteristics 

of such WSN makes them an ideal platform for condition monitoring of electrical 

machines[4]. WSN have been applied to condition monitoring of induction motors, 

either by using the motor current spectral analysis technique which requires the 

stator current to be sampled and collected [5] or by monitoring bearing vibrations by 

wireless accelerometers [6]. 

The IEEE 802.15.4 communication protocol, allows small, power efficient and 

inexpensive solutions to be implemented for a wide range of devices [7], such as 

wireless sensors. The protocol can be used for implementing WSN architectures for 
low cost applications with data throughput as a second consideration. The IEEE 

802.15.4 protocol is intended to address applications wherein existing wireless 

solutions are too expensive or difficult to implement. Table 1 compares the 

performance of different wireless technologies.  

Table 1.  A comparison of the 802.15.4 standard with other wireless technologies.  

 802.11b 

WLAN 

802.15.1 

Bluetooth 

802.15.4 

ZigBee 

Range [m] 100 10 - 100 10 
Data Throughput [Mbps] 11 1 0.25 
Complexity High High Low 
Cost High Medium Low 

 

The 802.15.4 standard allows the formation of two possible network topologies: the 

star topology and the peer-to-peer topology as seen in Figure 1.  

 

Fig. 1. IEEE 802.15.4 network topologies. 
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One of the main problems concerning the implementation of a WSN network 

consists in finding the best possible way in which to combine the diverse and 

sometimes conflicting data gathered by the nodes. Multi-sensor information fusion 

can increase measurement credibility thus improving system reliability. There are 

many methods employed in multi-sensor data fusion such as [8]: Kalman filter, 

Bayes estimation, fuzzy set theory and neural networks. The implementation of a 

Kalman filter approach in the case of the proposed measurement system will be 

discussed in a future paper.  

For the proposed system, a ZigBee protocol WSN was implemented using the 

Microchip Stack for the ZigBee Protocol. The protocol uses the IEEE 802.15.4 
specification as its Medium Access Layer (MAC) and Physical Layer (PHY). 

According to the IEEE 802.15.4 standard, three types of devices exist in a network. 

Their main functions are summarized in Table 2. 

Table 2.  ZigBee and IEEE 802.15.4 standard device types.  

ZigBee 
device type 

IEEE device type Network function 

Coordinator Full Function 
Device 

Forms the network, allocates network 
addresses or allows other devices to join 
the network 

Router Full Function 
Device 

Optional device which extends the 
physical range of the network or performs 
monitoring and control functions. 

End Full Function or 
Reduced Function 

Device 

Performs monitoring and control functions. 

 

As seen in Figure 1, depending on the chosen topology, the elements of a WSN 

network can communicate with each other directly or through the coordinator. There 

are two possible types of multi-access mechanisms: beacon and non-beacon. In a 

non-beacon enabled network, all nodes in the network are allowed to transmit at any 

time if the channel is idle. In a beacon enabled network, nodes are allowed to 
transmit in predefined time slots only. On power-up, the protocol coordinator, based 

on the number of networks found on each allowed channel, establishes its own 

network and selects a unique 16-bit Personal Area Network identification. Once a 

new network is established, protocol routers and end devices are allowed to join the 

network.  

For the proposed system a star topology, 2.4 GHz, 250kbps, non-beacon, network 

using a single protocol coordinator was implemented using the Microchip Stack for 

the ZigBee Protocol. 

A sound measurement WSN sensor node consists of a signal conditioning circuit, 

a microcontroller for data acquisition and conversion, a memory module for data 

storage and a wireless communication module. Thus the node has both sensing and 
communication capabilities. The simplified schematic is shown in Figure 2. 
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Fig. 2. WSN sensor node simplified schematic. 

The signal conditioning block filters and amplifies the signal coming from the 

condenser microphone. An inverter amplifier is implemented, using R4 and R5 to 

set the amplifier offset voltage and R3 and R2 to control the gain. R6 and C4 form 

an anti-alias low pass filter with a cut-off frequency of 38 kHz.  

One of the main concerns when signal processing is involved is the aliasing 

effect, i.e. frequency components of the acquired analog signal greater than half the 
sample rate of the analog-to-digital converter that shift into the frequency band of 

the output signal, thus distorting it. Therefore, the sampling frequency of the 

PIC18F27J53 microcontroller analog-to-digital module must be at least twice the 

highest frequency of interest of the sampled signal. In our case the sampling 

frequency was set at 77 kHz.  

As shown in Figure 3, the microcontroller uses a 12 bit analog-to-digital module 

for converting the analog signal. The data is then stored into a 1Mbit serial 

EEPROM memory. The data acquisition process continues as long as the duration of 

the measurement process set by the user has not been achieved. When the 

measurement process has ended, the microcontroller begins reading the stored data 

and sending it to the network coordinator by using the MRF24J40 wireless module.  

 

Fig. 3. Data processing and transmission flow-chart. 

A WSN receiver node, in our case, the network coordinator, receives data 

sequentially from each of the sensor nodes on the network. As each node transmits, 
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the data is converted by the interface microcontroller and sent to a PC for 

processing. 

The sound measurements were conducted in a semi-anechoic room in compliance 

with the ISO 1680/1 standard. The WSN nodes can be placed around the motor, on 

the measurement positions defined by the ISO 1680/1 standard. The measurement 

setup is shown schematically in Figure 4. 

 

Fig. 4. Measurement points around the motor according to ISO 1680/1 standard. 

3   The Magnetic Noise of Inverter-Fed Induction Motors. 

Inverter-fed induction motors are noisier than those fed with sinusoidal current 

because of the increased possibility of matching the magnetic forces exciting 

frequencies with stator natural frequencies. The order of the stator current harmonics 

of an inverter-fed three phase induction motor is: 

16 ±= kn  
(1) 

 

By neglecting the tangential component of the magnetic flux density, according to 

the Maxwell stress tensor, the magnetic pressure waveform at any point of the air 
gap can be expressed as: 
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In terms of Fourier series, the following groups of magnetic waves are produced 

[1]: 

• ( )tp nr ,αν , determined by the product ( )[ ]2
1 , tb α of the stator harmonics having 

the same order ν. The frequency of the radial magnetic pressure is 

nff nr 2= and the vibration mode .2 pr ν=  
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• ( )tp nr ,αµ , determined the product ( )[ ]2
2 , tb α  of the rotor harmonics having 

the same order µ. The frequency of the radial magnetic pressure is µ= nff nr 2  

and the vibration mode .2 pr µ=  

• ( )tp nr ,αµν , determined by the interaction of stator harmonics having the order 

ν and rotor harmonics having the order µ.The frequency of the radial magnetic 

pressure is ( )µ±= ffnf nr  and the vibration mode ( ) .pr µ±ν=  

Higher time stator harmonics of different numbers can produce significant radial 

forces [2] having the frequency ( ) ;
'''

fnnf nr ±=  ''' nn ≠ and the vibration mode 

0=r  or 0=r . The most important are the magnetic forces due to sums and 

differences of the fundamental harmonic f with higher order time harmonics of the 

stator current [1]: 

( ) fnf nr ±= 1  
(3) 

 

The inverter switching frequency has an important effect as the interaction of 

switching frequency harmonics and higher time harmonics, produces forces with 

frequencies fnfnf swn
'''

±= . If n’ is an odd integer, n’’ will be an even integer 

and vice versa: 

KK ,2or     ,2 fff                                    fff swnswn ±=±=  (4) 

 

Significant vibration can result from the interaction of permeance field harmonics 

and MMF harmonics associated with higher time harmonics of the stator [2]: 

( )
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and the vibration mode .2,0=r  

 

In the case of inverter-fed motors, the magnetic component of noise is modified. 

In order to evaluate this modification, a two speed, 1.5/2.4 kW, 750/1500 rpm 

motor, with 36 stator slots and 46 rotor slots was tested. The spectrograms have been 

traced using a Bruel & Kjaer 2112 spectrum analyzer. 

The motor was tested for no load operation and was supplied from the network or 

a “Telemecanique” ATV-58HU54N4 inverter with a switching frequency set at 2 

kHz. The results obtained for the 1500 rpm speed are shown in Figure 5 and 6. 
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Fig. 5 No load operation, UN=400V and 50 Hz, network supplied, 2.4 kW-1500 rpm. 

 

 

Fig. 6. No load operation, UN=400V and 50 Hz, inverter supplied, 2.4 kW-1500 

rpm. 

 

For the 1500 rpm speed, two new noise peaks appear between 2500 and 4000 Hz. 

and 7000 and 8000 Hz. The noise increases by 7 dB. 

4   Conclusions and Future Work. 

The presented spectrograms will be used as a reference for evaluating the 

performance of the proposed wireless sound measuring system. 

The applicability of the system depends on several factors. Battery life is 

extremely important, as most power is used for wireless communication. In order to 
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maximize battery life, the system must take advantage of the sleep mode operation 

feature of the microcontroller and the wireless communication modules  

The overall speed and accuracy of the proposed system can be significantly 

improved by using larger data throughput protocols like Bluetooth and superior 

microprocessors like Digital Signal Processors. From the implementation point of 

view, this could eliminate the need for an external EEPROM memory and would 

provide real time sound measurements capability. However, these improvements 

would lead to significant increase of system cost and development time.  
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